A mathematical model to predict the dissolution of salt particles suspended in a brine flow is provided. The model consists of a system of three partial differential equations (PDE) based on mass conservation of salt dissolved in the fluid phase, on mass conservation of salt particles in the solid phase and on the overall conservation of energy. A fluid flow experimental unit was built to determine the kinetics of the dissolution of salt particles in a brine flow. Fluid samples free from particled solid material retrieved through the flow line at several predefined points were collected to determine salt dissolution profile. The global convective mass transfer coefficient was evaluated based on the experimental data. Simulations validated the mathematical model and relative deviations between experimental data and simulations were less than 10%.
Introduction
The exploration of oil reservoirs in the pre-salt layer provides relevant technological challenges that stem from the technical difficulties the region posits. One major problem occurs during the drilling into the geological formation. In fact, salt cuttings are generated and they invade the annular region. The cuttings are transported in suspension to the well surface and tend to dissolve naturally in the water base drilling fluids. Dissolution also causes changes in the fluid´s physical-chemical and rheological properties. Consequently, the altered properties promote non-uniform dissolution in the annular region and may cause a collapse or loss of the well.
A method to minimize the effects of salt dissolution is the use of synthetic fluids during the oil well drilling. However, their application is limited due to high costs and degree of aggression to the environment. Another way of reducing the salt dissolution effect is to use water saturated as fluid. However, in case of water base mud, it is difficult to control the rheological properties and the drilling parameters. Otherwise, one has to take into account beforehand the high cost of incorporating salt particles into drilling fluid. It is customary to use seawater as the drilling fluid for small sections of salt rocks. Nevertheless, for long saline layers, this use is restricted because low concentration mud may enhance borehole enlargement or even the loss of the well (WILLSON et al., 2004) . Non-saturated muds are still being used in the drilling of saline areas and their effects must be evaluated prior to application. Further knowledge on the dissolution phenomenon is required to control mud properties and the well's integrity.
There are several studies in the literature about salt dissolution in fresh water and brine. Important works in this area date back to the early 1960s where studies focused on the leaching of salt caverns. The process occurs under laminar flow, i.e., at flow and dissolution rates far slower than would be applied to forcedconvection flow rates associated with oil field drilling (KAZEMI; .The literature offers quite limited data on the kinetics of dissolution of salt under turbulent flow. Durie and Jessen (1964) reported increase in dissolution rates by ten to twenty times for particle flow in turbulent flow brines. The literature contains studies on dissolution of salts in different types of flow. The mass transfer coefficient of different salts suspended in a stream of liquid was discussed by Aksel'rud et al. (1991) , where the flow is in closed circuit and the decreased mass of salt is a function of time, as demonstrated by Equation 1. The researchers used cylindrical particles of approximately 9 mm height.
where is the mass that leaves the crystal (solid phase), is time, is the mass transfer coefficient, the total area for mass transfer, the concentration of the saturation point and the instantaneous concentration of the solution according to time.where m salt is the mass of salt that leaves the crystalline phase; t is the time; k is the mass transfer coefficient; A is the total area of the mass transfer; C * is the concentration of saturation; C is the instantaneous concentration of the solution.
Based on kinetic theory, Morse and Arvidson (2002) studied the dissolution of carbonate minerals on the surface of earth considering the same concept around the mass transfer coefficient. Morse and Arvidson (2002) 
where is the moles of calcite, is time, is the total surface area of the solid, is the volume of solution, is the transfer mass coefficient, is a positive constant expressing the order of the reaction and is the saturation state.wherewadwhere m calcite is the number of calcite moles; t is the time; A is the total area of the solid; V is the volume of the solution; k is the mass transfer coefficient; n is a positive constant signifying the order of reaction; Ω is the saturation rate of the liquid. Finneran and Morse (2009) presented a study of the dissolution kinetics of calcite in saline waters, based on Equation 3.
where is the dissolution rate normalized to the reaction surface area, is the mass transfer coefficient, is the saturation state and is the reaction order.whereawdwhere R is the dissolution rate normalized to the reaction surface area; k is the coefficient of mass transfer; Ω calcite is the saturation rate; n is the order of reaction. Alkattan et al. (1997) studied the halite dissolution kinetics considering the model of the mass coefficient according to each ion. Alkattan et al. (1997) 
where is the mass transfer coefficient determined by the relation between the diffusion coefficient and the boundary layer coefficient, where k t is the mass transfer coefficient determined by the ratio between the diffusion coefficient (D) and the limit layer coefficient (δ), as shown in Equation 5.
The review above shows that much research has been done in batch dissolution units. Current paper models the dissolution in systems composed of salt particles in brine flowing in eaves. Current researchers designed and built an experimental fluid flow loop where particles of salt could dissolve along the eaves so that the mathematical model could be validated. Aiming at simplifying the experimental work, the flow loop was designed using eaves instead of tubes. This geometry was adopted because of the difficulties associated with feeding solids into tubes. The model was developed in one-dimensional cartesian coordinates for fluid and solid particle flow. system. Salt particles were added by a feeder at the start of the system and salt particles were suspended until the end. The flow loop was composed of a 2000-liter mixing tank with a 1.5-hp mechanical stirrer. The fluid was pumped using a 3-HP helical displacement positive pump. The eave system was composed of a 150-mm PVC tube, total length 29 m and inclination 5°. The tube was partially filled. Many windows were set into the top to allow inspection of sample collection and disposal. A solid-particle feeder Model RD100/75Retsch was connected to the beginning of the eaves, which permitted the feeding of salt particles into the flow line. The flow loop also had a 500-liter disposal tank, connected to a 3/4-HP centrifugal pump. Further, the unit had strainers which gathered salt particles, 2-and 3-inch tubes, valves and iron structures for support. Four concentration samples of the suspension were collected at outlets arranged along the eave line at positions 5.5, 13.0, 20.5, and 26.7 m, selected to cover the entire length of the system while avoiding the curves (Figure 1 ). Suspension samples were determined in triplicate.
Material and methods

Flow loop
The suspension concentration profiles along the eave-line system are given. Fluid samples were taken in with a 6 ml device which prevented the suction of smaller particles into a sample by a filter made of 100-mesh metal screen. At the end of the eave line, the solid salt particles were collected on a screen contention and dried. The mass of the dissolved salt was determined by a simple balance. The saline solution was collected in a receiving tank from which it was pumped into a storage tank for re-concentration into the solution. To collect the salt particle dissolution data, an experimental grid was performed and a maximum and a minimum of three variables were set. Table 1 shows the grid with a factorial design at 2 levels (number of conditions proposed for each variable) and 2 factors (number of variables), totaling 4 rows. However, to ensure the reliability of data, each test was performed in triplicate for a total of 12 experiments. The variable W is the mass flow rate of the solids, its minimum and maximum values were fixed respectively at 24 and 48 g s . The salt particles used in the experiments were commercial NaCl purchased wholly homogenized and stored in a dry environment. Each salt sample used in the experiments weighed 3 kg. Before each experiment, particle size distribution determined the Sauter mean diameter-approximately 1.70 mm for all samples. The variable Q is the volumetric brine flow. The minimum and maximum rate was fixed respectively at approximately 1.0 and 2.0 L s -1
. The minimum rate of the volumetric flow was set to maintain the salt particles in suspension. Salt particle sag was not observed in the above condition. The concentration of brine in the inlet eaves was set at 32.0 g L -1
, or rather, the salt concentration in sea water. All concentrations were measured with WTW conductivity at Lab Level 3. The experimental flow unit was 29-m long and the fluid flow loop operated at room temperature close to 30°C.
Conservation equations
The system studied was the flow of salt particles suspended in brine. The fluid flowed in a turbulent regime in a pipe partially filled with the suspension (eaves). The eaves' geometry was chosen to allow the feed of salt particles in the system. In current assay, the incompressible approaches were deemed reasonable, the experiments were carried out at room temperature and the fluids consisted basically of water. The flow loop was set to operate in a turbulent regime and permanent flow. The conservation equations were simplified by assuming an average velocity for the radial direction, turbulent regime, incompressible fluid, and permanent flow. In this case, the mathematical model for the dissolution of NaCl particles in brine flow consisted of a system having three partial differential equations (PDE). The equations were based on the mass conservation in the liquid and solid phases and the energy conservation of the mixture. The phenomena involved in diffusion were considered less significant than the convection ones. In fact, the transport speeds of the mixture (solid / liquid) were high. Thus, the flow of saline suspension caused a system of full turbulence, reflected in the high Reynolds number. Equations 6 and 7 are the mass conservation equations for the salt solution and for the salt particles in the solid phase, respectively. Based on the above data, the governing equation for unsteady state mass balance for the dissolved salt in solution may be written for the control volume:
The initial and boundary conditions for the above equation are given by C (z, 0) = C 0 C (0, t) = C 0 The governing equation for unsteady mass balance for solid particles in the suspension may be written for the control volume,
The initial and the boundary conditions for the ) is the specific mass of the salt; ε S is the volumetric fraction of solids. The mass transfer coefficient k was defined as the rate at which ions leave the crystals and migrate to the brine. In current study, this coefficient was an estimated parameter from the set of performed experiments, whose value is constant. The specific area is defined as the total surface area for mass transfer per unit of volume, which may be represented by Equation 8 where: D p is the particle diameter and X is the mass fraction of particles smaller than a given diameter.
To determine the temperature as a function of time one, energy balance for the system was performed (Equation 10). The heat flow was related to the forced convection, endothermic dissolution, and heat lost to the eaves system conduction
The initial and boundary conditions for the above equation are given by T (z, 0) = T f T (0, t) = T 0 where: Q 1 is the heat flow rate from the forced convection; Q 2 is heat flow rate from the endothermic dissolution; Q 2 is the heat flow rate from the conduction; p solution is the specific mass of the solution; cp is the specific heat of the solution; T f is the temperature of the fluid fed; T o is the fluid temperature before feeding the salt particles.
The heat flow rate from the forced convection (Q 1 ) is defined by Equation 11 (INCROPERA et al., 2007) .
where: h is the heat transfer coefficient; A c is the heat transfer area per unit of volume by convection; T is the fluid temperature; T env is the temperature of the environment.
Equation 12 calculates the heat flow rate caused by endothermic dissolution as heat lost per mole
where: k is the mass transfer coefficient; a is the specific area; C * is the salt concentration at saturation in the studied solutions; C is the concentration of salt in the fluid; q d is the heat of dissolution lost per mole of salt; MM is the molar mass of the salt. To calculate the heat flow rate caused by contact between solution and the tube wall, Equation 13 was used (INCROPERA et al., 2007) . where p solution is the specific mass of the solution; p solvent is the specific mass of the solvent; C is the concentration of salt in the fluid.
Results and discussion Table 2 shows the experimental results' data for the brine solution concentration obtained by Experiments 1 through 4. Errors were evaluated in triplicate to determine the concentration profile. It may be observed that in all cases the entire dissolution occurred at the first 10 meters of the eaves whereas the concentration remained nearly constant after this distance. A single-factor ANOVA was used to ensure that the results obtained in triplicate were within 95% level of confidence. The test was an analysis of variance designed to ensure a significant difference between means; if difference is not significant (p-value > 0.05), the experiments performed in triplicate will be statistically replicas. Table 3 shows the results of the test. Test t was also performed to analyze whether two samples had an average within a confidence level of 95%. Such a test resulting in a p-value < 0.05 shows that the difference is significant; and p-value > 0.05 is not significant. Table 4 shows that Test t results reveal that from the position of 13 meters, the difference between the concentrations is not significant, and thus statistically, the solution concentration is constant. Such behavior indicates that the process of dissolution is much more effective in the first flow meter. Temperature decrease in all experiments was less than 3°C, a decrease caused by endothermic dissolution, loss to room temperature by conduction, and changes between the suspension and eaves.
Parameter evaluation (k)
The convective mass transfer coefficient (k) is a function of the Reynolds number and temperature, as in Equation 15 (BIRD et al., 2002) , where k 0 is a constant.
The parameter evaluation for Equation 15 was based on the experimental data by regression of the PDE system, Equations 6 through 14. The maximum likelihood was used as a parameter evaluation implemented in a Fortran code. The resolution of the PDE system required a specific algorithm where the partial derivatives in the axial direction (z) were discretized by finite differences and the equations were written to address the implicit method. The differential algebraic system was integrated using the subroutine LSODE in Fortran language.
The Reynolds number for the two fluid flow conditions of 1.0 and 2.0 L s be due to the different operating conditions adopted by the authors. Aksel 'Rud et al. (1991) offered no Reynolds number range to which their coefficient was estimated.
Simulation results
The model for simulating the dissolution of NaCl in brine comprises Equations 6, 7, and 10 implemented in a Fortran code. Since the initial temperature of the fluid in Equation 11 is equal to room temperature, the terms Q1 (Equation 11) and Q3 (Equation 13) were rounded to zero. Therefore, only the heat loss due to endothermic dissolution is considered. Table 5 presents the data of properties used in the modeling. Typical simulation data obtained with the estimated parameter may be observed in Figures 2,  4 , and 5. Figure 2 shows that the curves from the mathematical model have a behavior similar to that of the experimental data, where dissolution was much more effective for the first 7 meters. As from this position, the curve becomes smoother, or rather, a lower dissolution of salt occurs.
Data obtained in Experiments 1 and 2, 3 and 4 were used to evaluate the effect of the solid mass flow (W) in the dissolution, with constant fluid flow rate (Q). It has been observed that with an increase in the solids' mass flow, more solid particles were dissolved in the flow. In Experiments 1 and 3, 2 and 4, the effect of the solution flow rate (Q) was analyzed in the dissolution process where the mass flow of solids (W) remained constant. An increase in the liquid flow rate caused a lower rate of dissolution of solids in the brine due to the decrease in the time of contact between brine and salt. Table  6 shows the relative deviations between the experimental and model concentrations. Table 6 shows that in all deviations, the maximum mean deviation obtained was in Experiment 4 at a rate of 8.2%. Figure 5 shows simulations of temperature decrease due to position. Experimentally observed behavior showed that maximum temperature decrease was less than 3°C. Temperature decrease in the simulation was also less than that observed experimentally.
Differences were due to simplification in the energy balance equations that were not important in current study. Results also showed that the combination of high rates of salt particle associated with low fluid flow led to a greater temperature decrease due to a high rate of endothermic dissolution. 
Conclusion
An experimental flow loop was designed and built to evaluate the mathematical models and to estimate mass transfer coefficient.
Increase in the input of solid flow led to an increase in the dissolution of salt whereas the increase of fluid flow rate led to a lower rate in salt dissolution. The mass transfer coefficient was bigger than that observed by Aksel'rud et al. (1991) and was not affected by Reynolds number and temperature. The model fitted the experimental data within a ±10% error. The maximum decrease in the temperature, due to endothermic dissolution, was close to 1°C.
